Male Moths Detect Pheromones with Astounding Sensitivity and High Temporal Resolution, but Underlying Transduction Cascades are not Understood
==============================================================================================================================================

Sensitive odor detection is a prerequisite to survival and reproduction in many insect species, especially in short-lived moths. While they rest during the day late at night female moths release pulses of a sex-pheromone blend to attract their mates (Itagaki and Conner, [@B44]). Pheromones are species-specific odors with properties of hormones. They signal the physiological state of the individual insect to their conspecifics. Air turbulences tear and whirl the pheromone blend pulse pattern into intermittent odor filaments of varying blend concentrations and frequencies. Time-dependently in synchrony with the female, male moths detect the pheromone filaments at astounding sensitivity with specialized hair-like sensilla on their antennae (Kaissling and Priesner, [@B57]; Sanes and Hildebrand, [@B121]; Almaas et al., [@B2]; reviews: Kaissling and Thorson, [@B58]; Kaissling, [@B53]). With forward pointed antennae male moths fly upwind, brushing the air with long trichoid sensilla. They adsorb about 30% of the lipophilic pheromones in a surrounding air stream on the waxy surface of the antennal cuticle (Kaissling, [@B53]). Hawkmoths fly with a velocity of about 3.5 m/s and beat their wings at a high frequency of about 30 Hz. Flight velocity and wing beat frequency affect sampling of odorants. It is assumed that each downstroke of the wing accelerates airflow over the olfactory sensilla and, thus, periodically allows for odor sampling, about every 30 ms (Tripathy et al., [@B148]).

Next to the species-specific pheromone blend composition, this intermittency of the pheromone signal is a critical prerequisite for eliciting arousal in the male moth, for starting and maintaining the male\'s characteristic zig-zagging anemotaxis (Kennedy et al., [@B65]; Murlis and Jones, [@B100]; Baker et al., [@B7]; Baker and Haynes, [@B5]; Tumlinson et al., [@B149]; Vickers and Baker, [@B151]; Vickers, [@B150]; Koehl, [@B68]; Lei et al., [@B86]). Constant or very strong pheromone stimulation results in cessation of the males search, possibly caused by adaptation of the sensory cells (Baker et al., [@B4]). Owing to the turbulent air, distance to the female is encoded in the mean frequency of pheromone filaments rather than in a concentration gradient. From behavioral experiments it was calculated that male moths can assess pheromone blend ratios within less than 100 ms, possibly comparing two consecutive antennal "sniffs" (review: De Bruyne and Baker, [@B22]). Upon loss of pheromone during zig-zag upwind flight they respond with cross wind-casting within 300--500 ms (Baker and Vogt, [@B6]). Apparently, sensitized silkmoth antennal olfactory receptor neurons (ORNs) can detect single pheromone molecules and hawkmoth ORNs differentiate pheromone concentrations over at least 4 log units (Kaissling and Priesner, [@B57]; Kaissling, [@B53]; Dolzer et al., [@B25]). In addition, the olfactory system appears to follow intermittent odor signals of about 30 Hz (Justus et al., [@B51]; Ito et al., [@B46]; Tripathy et al., [@B148]). Therefore, evolution shaped the olfactory system to be as sensitive as possible and to allow reaction times within the range of 30 ms.

Still it is not resolved which olfactory signal transduction cascades are responsible for the astounding sensitivity and for the fast temporal resolution of pheromone blend detection and discrimination. There is strong controversy in the field of olfaction in the interpretation of apparently conflicting genetic and physiological data. Especially the characterization of receptor--ion channel complexes raised the hypothesis that insects smell via speedy ionotropic signal transduction in contrast to vertebrates which employ sensitive G-protein coupled, metabotropic odor transduction cascades. This review focuses on sex-pheromone-detection in the hawkmoth *Manduca sexta* due to an available primary cell culture system which greatly facilitated physiological studies (Stengl and Hildebrand, [@B138]), while only briefly brushing over perireceptor events which were reviewed recently (Kaissling, [@B54]). In this review I suggest novel explanations for the surprising variety of different signal transduction cascades reported in moth pheromone transduction which differ greatly from a previously suggested quantitative model of insect transduction (Gu et al., [@B41]). I propose a new testable hypothesis of receptor--ion channel complex-function in the control of subthreshold membrane potential oscillations and, thus, in the control of temporal encoding in moth pheromone transduction.

Functional Anatomy of Pheromone-Sensitive Antennal Sensilla
===========================================================

Insects detect odorants mostly with their antennae (von Frisch, [@B155]). In moths the sexually dimorphic antennal flagellum of the male is enlarged to house extra arrays of pheromone-specific long trichoid sensilla. In addition, it contains cholinergic, shorter sensilla basiconica which detect general odorants and sensilla of other modalities (Altner and Prillinger, [@B3]; Keil and Steinbrecht, [@B64]; Lee and Strausfeld, [@B84]; Stengl et al., [@B140]).The extreme sensitivity of moth pheromone detection observed is obtained by a number of different mechanisms, including the specific morphology of the moth\'s antennal sensilla. The pheromone-sensitive trichoid sensilla (Figure [1](#F1){ref-type="fig"}) are the longest and most abundant (38% of 2100 sensilla per annulus in *M. sexta*) cuticular hairs which form regular brush-like arrays on each annulus of the antennal flagellum (Keil, [@B61]; Lee and Strausfeld, [@B84]). About 32% of 3.6 × 10^5^ sensory neurons of the hawkmoth antenna are pheromone-sensitive ORNs which innervate long trichoid sensilla. In *M. sexta* antennae two ORNs innervate each trichoid sensillum. One of them (Dolzer et al., [@B25]) responds to (E,Z)-10,12-hexadecadienal (=bombykal), the main sex pheromone component which makes up 31% of the sex-pheromone blend. The other of the two ORNs responds to other components of the pheromone blend such as to (E,E,Z)-10,12,14-hexadecatrienal (14.7%; Kaissling et al., [@B56]). Next to the ORNs each sensillum trichodeum contains about three non-neuronal cells: the trichogen, the tormogen, and the thecogen cells (Figure [1](#F1){ref-type="fig"}). All cells of an olfactory sensillum are born from ganglion mother cells in the antennal epithelium (Keil, [@B63]). During development the trichogen and tormogen cells generate the hollow cuticular hair shaft with the inner sensillar lymph cavity. The dendrites of the ORNs are partitioned into an outer and inner dendrite by a short ciliary structure. The thecogen cell wraps around the inner dendrite and soma of the sensory neurons. Only the naked outer dendrites of the two bipolar ORNs extend into the sensillum lymph cavity. The outer dendrite is a modified cilium which lacks the central microtubule pair and does not contain an endoplasmic reticulum or any other organelles. It is motile and can perform oscillatory elongations and constrictions (Keil, [@B62]). The sensory neuron\'s axon, which is covered by a glial sheet, projects to the antennal lobe of the brain (Figure [1](#F1){ref-type="fig"}). The somata of moth ORNs are embedded between epithelial cells underneath the cuticular hair. Thus, each moth ORN is partitioned into three separate compartments: (1) the outer dendrite, (2) the inner dendrite with soma, and (3) the axon. The different compartments are isolated from each other. Very likely they maintain different external ionic milieus and different membrane compositions. The sensillum lymph contains a very high potassium concentration of about 200 mM (reviews: Kaissling and Thorson, [@B58]; Thurm and Küppers, [@B147]; Kaissling, [@B54]). This intracellular-like potassium concentration is generated by vacuolar-type H^+^-ATPases in the copious membrane folds of the tormogen and trichogen cells walling the sensillum lymph cavity. Thus, a transepithelial potential (TEP) of up to 40 mV between sensillum lymph and hemolymph adds to the negative resting potential of the ORNs and increases the electrical driving force for the receptor current. This TEP shows oscillations which are affected by biogenic amines circulating in the hemolymph (Dolzer et al., [@B26]). Little is known about ion channels in the supporting cells. But it is clear that also the non-neuronal cells contribute to odor-dependent sensillum potentials since no direct correlation between odor-dependent sensillum potential changes and action potential responses of the sensory neurons are found (Dolzer et al., [@B25]).

![**In the hawkmoth the long trichoid sensillum is innervated by two pheromone-sensitive olfactory receptor neurons (ORNs), one responding to bombykal the main pheromone component**. The non-neuronal tormogen (TO) and trichogen cells (TE) build the hollow hair shaft of the long sensory hair. Pores (P) in the cuticle (CU) of the hair allow pheromone to enter the receptor lymph (RL). The ORNs (green) are partitioned via tight membrane junctions (dotted lines) into an outer dendrite (OD), an inner dendrite (ID) and soma, both covered by a thecogen cell (TE), and a glia-wrapped axon. Thus, only the outer dendrite contacts the RL containing high potassium concentration and odorants. Hemolymph (HL); basal lamina (BL), epithelial cells (EP).](fncel-04-00133-g001){#F1}

*In conclusion*: The lipophilic cuticle and surface maximization of many long trichoid sensilla assure accumulation of airborne pheromones at high efficiency to improve sensitivity. It remains to be studied whether slow oscillatory elongations of the dendrite and slow TEP-oscillations are phase-locked to the moth\'s fast wing beat frequency and whether oscillatory wing beats ensure oscillatory odor stimulation. Furthermore, it remains to be examined whether oscillatory odor stimulation results in synchronization of ORNs to improve frequency resolution and blend assessment via mechanisms of temporal encoding. Compartmentalization of the ORN implicates differential distribution of membrane proteins and extracellular milieus which also need to be evaluated further. Finally, the nitty-gritty of non-neuronal supporting cells should not be neglected because they considerably contribute to olfactory transduction not only via generation of a modifiable TEP.

Perireceptor Events: From Stimulus Entry to Passage to Olfactory Receptor Molecules
===================================================================================

Through pores and lipophilic pore tubules which extend into the cavity of the sensory hairs the hydrophobic pheromones enter the hair shaft and face the aqueous sensillum lymph with high protein concentrations (Keil and Steinbrecht, [@B64]). Supporting cells secrete these millimolar concentrations of pheromone-binding proteins (PBPs; odorant-binding proteins = OBPs in sensilla basiconica) into the sensillum lymph of trichoid sensilla (Forstner et al., [@B36], [@B35]; Pelosi et al., [@B106]). The moth PBPs bind specific pheromone components with high affinity and thereby contribute to the specificity and sensitivity of the pheromone responses (Stengl et al., [@B143]; Steinbrecht et al., [@B134]; Ziegelberger, [@B160]; Mohl et al., [@B97]; Pophof, [@B111]; Leal et al., [@B83]; Grosse-Wilde et al., [@B40], [@B39]; Kaissling, [@B54]). Their various functions are not yet completely resolved but the PBPs appear to act as scavenger of unspecific odorants and as carrier of specific pheromone compounds to their dendritic receptor molecule complexes. Apparently, PBPs undergo a conformational shift after pheromone binding (Ziegelberger, [@B160]). Then, they are enabled to transiently interact with dendritic pheromone receptor molecule-complexes (containing various molecules, see below) which allows for another conformational change which initiates pheromone degradation via enzymes (Vogt and Riddiford, [@B153], [@B154]; Ziegelberger, [@B160]). Thus, moth PBPs/OBPs appear to be selectivity filters, as well as temporal filters, contributing to the specific, transient, and single interaction with dendritic olfactory receptor molecule-complexes before the odor molecules are inactivated. Studies with loss of function and gain of function mutants of the OBP LUSH in *D. melanogaster* generally support this notion (Laughlin et al., [@B81]). In addition to affecting odor detection, *lush* loss of function mutants decrease spontaneous activity of the ORNs (Xu et al., [@B159]). It is assumed that LUSH is absolutely required for the detection of the fruitfly\'s aggregation pheromone 11-*cis* vaccenyl acetate (Xu et al., [@B159]). Alternatively, it is possible that LUSH lowers the detection threshold of odors and prevents adaptation of receptors because it allows for only very transient binding of the odor to the receptor. Without LUSH an odorant might not be transiently bound and quickly removed from the odor receptor complex which then desensitizes. This assumption was supported by respective observations in the hawkmoth (Stengl et al., [@B143]). Still, the different functions of the PBPs/OBPs are under debate and remain to be investigated further. Modeling studies by Kaissling ([@B54]) predicted that 17% of the total pheromone concentration is enzymatically degraded and 83% is bound to the PBPs within 3 ms after entering the sensillum lymph. In his kinetic model the half-life of the activated dendritic receptor--pheromone--PBP complex was calculated to be 0.8 s, the EC50 was 6.8 μM.

*In conclusion*: Moth ORNs are flux detectors because antennal odor adsorption depends not only on the external odor concentration but also on the relative velocity of the air stream, the speed, and the wing beat frequency of the flying insect (Kaissling, [@B54]). Therefore, the latency and kinetics of the odor-dependent potential responses are also governed by the kinetics of odor entry, odor-PBP(OBP)-odor receptor complex interactions, and odor inactivation/enzymatic degradation. Further quantitative studies need to resolve the dynamical impact of perireceptor events in odor detection within more detail.

Olfactory Receptor Molecule Complexes in Outer Dendrites of Moth ORNs
=====================================================================

After reaching the outer dendritic membrane of ORNs pheromone--PBP complexes specifically interact with olfactory receptor molecule (OR)--complexes, initiating signal transduction cascades. There are different classes of chemosensory receptor molecules described, next to other specific sensory neuron membrane proteins (SNMPs).

Insect ORs are unrelated in sequence to vertebrate ORs
------------------------------------------------------

Insect ORs appear to be largely insect-specific proteins which do not share sequence similarity to vertebrate ORs or other G-protein coupled receptors. Nevertheless, also insect ORs have predicted seven transmembrane domains, but they appear to adopt a different topology in contrast to vertebrate ORs (review: Nakagawa and Vosshall, [@B103]; Silbering and Benton, [@B129]). Studies in molecular genetics combined with immunocytochemistry revealed that dendrites of a single silkmoth ORN contain at least two different olfactory receptor molecules (ORs), apparently forming complexes at unknown density with unresolved stoichiometry (Krieger et al., [@B75], [@B73], [@B72], [@B71]; Sakurai et al., [@B120]; Grosse-Wilde et al., [@B39]; Brigaud et al., [@B15]; review: Nakagawa and Vosshall, [@B103]). One of them is a widely conserved coreceptor (COR) termed OR83b in the fruitfly and *Msexta*OR2 in the hawkmoth (Krieger et al., [@B74]; Malpel et al., [@B91]; *M. sexta*: Patch et al., [@B105]; review: Nakagawa and Vosshall, [@B103]). In *D. melanogaster* this COR is a chaperon that is obligatory for directing ORs into dendritic membranes and thus, its destruction deletes odor responses in the fruitfly (Larsson et al., [@B78]; Benton et al., [@B9]). In moths *in situ* hybridizations suggested that *MsextaOR2* is also located to pheromone-sensitive long trichoid sensilla and, thus, appears to play a role in pheromone transduction (Patch et al., [@B105]). This hypothesis is confirmed by Nakagawa et al. ([@B102]) who found the COR colocalized with pheromone receptors in *Bombyx mori*. However, relative levels of *MsextaOR2* expression are much higher in the female antenna than in the male antenna. This result suggests that the COR is either not expressed in all pheromone-sensitive trichoid sensilla of male hawkmoths or that it is expressed at considerably lower level in the pheromone system as compared to the general odor detecting system (Patch et al., [@B105]). Due to these conflicting results it is necessary to perform more studies in different insect species to resolve whether pheromone transduction indeed depends on an OR/COR complex.

The sensory neuron membrane proteins in dendritic membranes of ORNs
-------------------------------------------------------------------

The SNMPs were identified in the dendritic membrane of male and female moth ORNs and supporting cells (Rogers et al., [@B117], [@B115],[@B116]; Forstner et al., [@B37]). The SNMPs are related to the CD36 receptor family of glycoproteins, which recognize long-chain fatty acids, oxidized phospholipids, and lipoproteins (review: Silverstein and Febbraio, [@B130]). Their functions in olfaction are not yet resolved but it is hypothesized that SNMPs might be additional coreceptors which are involved in the transfer of lipophilic pheromones or pheromone--PBP-complexes to ORs (Rogers et al., [@B116]; Vogt et al., [@B152]). This assumption is supported by studies in *D. melanogaster* which demonstrated that a SNMP is required for pheromone responses (Benton et al., [@B10]). Because SNMP mutants showed increased spontaneous activity it was suggested that SNMP inhibits the receptor in absence of pheromone (Benton et al., [@B10]; Jin et al., [@B48]). However, the additional expression of SNMPs in non-neuronal supporting cells of trichoid sensilla suggests additional functions (Forstner et al., [@B37]). Because supporting cells show pheromone-induced cGMP elevations and NADPH-diaphorase activity (which is indicative of nitric oxide synthase) only after very strong, long pheromone stimuli, it remains to be examined whether SNMPs might be pheromone-sensitive coreceptors of receptor guanylyl cyclases (GCs) in supporting cells (Stengl and Zintl, [@B139]; Stengl et al., [@B142]).

Other receptors found in dendrites of ORNs
------------------------------------------

Next to the ORs and to gustatory receptors, a third family of chemosensory receptors was identified in the fruitfly; the ionotropic receptors (IRs). The IRs share homology to a class of ligand-gated ion channels (Benton, [@B8]). Their functions in the antenna still need to be resolved. Whether the IRs are present also in the moth antenna is unknown. In addition, different types of receptor GCs and of octopamine receptors were located in moth antennae (Von Nickisch-Rosenegk et al., [@B156]; Simpson et al., [@B131]; Nighorn et al., [@B104]; Morton and Nighorn, [@B99]; Dacks et al., [@B21]). Whether CO~2~-, or oxygen-receptors as described in fruitflies are also present in moth pheromone-sensitive ORNs remains to be examined (Benton, [@B8]).

*In conclusion*: The outer dendrites of pheromone-specific moth ORNs comprise apparently heteromeric OR/COR complexes. These complexes appear also to be associated with SNMPs, which might aggregate PBPs loaded with pheromone. Furthermore, octopamine-receptors and receptor-type-, but not soluble GCs are present in the dendrites of moth ORNs. The functional implications of these large receptor complexes in temporal encoding of odor transduction are discussed below.

Subthreshold Membrane Potential Oscillations of ORNs and Temporal Encoding of Odors
===================================================================================

First odors bind to their specific receptors (ORs), then, conformational changes of ORs initiate signal transduction cascades which transduce the chemical signal to a graded potential change (receptor potential) in the sensory neuron. If this receptor potential reaches a threshold of about −40 mV at the axon hillock it elicits opening of voltage-dependent Na^+^ and K^+^ channels, and thus action potentials (=spikes). To understand odor transduction cascades in insects it is important to determine which schemes of information encoding they employ. Thus, before conflicting hypotheses of odor transduction cascades are being discussed, first, I briefly compare "rate codes" and "temporal encoding" in chemosensory neurons. Then, I will summarize evidence for the type of coding employed by insect odor transduction cascades.

"Rate codes" imply that increasing odor concentrations result in increasing action potential frequencies in ORNs. Dose--response curves of ORNs are semi-logarithmic with a linear increase of the response with 10× rising odor concentration (bombykal cell in *M. sexta*: Dolzer et al., [@B25]). Thus, odor concentration is encoded in the action potential rate of a single ORN. In the hawkmoth the first five interspike intervals, but not the average action potential frequency over the pheromone stimulus duration encode pheromone quantity over at least 4 log units (Dolzer et al., [@B25]).

Next to the "rate code," olfactory information can also be encoded in the time domain, called "temporal encoding" (Milner, [@B94]; Singer and Gray, [@B132]; Knüsel et al., [@B67]; Ito et al., [@B46], [@B45]). In temporal encoding one assumes that more important than the frequency of action potentials elicited in single cells is at what time the action potentials occur in a population of cells which respond to the same input. Thus, the information is encoded, e.g., in the latency of the first odor-dependent action potential elicited at the level of a neuronal population. The latency may be calculated with respect to a local field potential oscillation, generated via synchronized subthreshold membrane potential oscillations in the respective neurons. On the population level it is assumed that all cells which process the same stimulus express synchronized first action potentials with zero phase difference or constant phase relationship (Nadasdy, [@B101]). The phase implies the time when the action potential occurs. To obtain synchronization of spikes within the range of ms amongst a population of neurons different mechanisms of coupling (=synchronization) can be employed. Most commonly self-organized coupling is obtained with interacting neuronal oscillators. A neuronal oscillator generates endogenous subthreshold membrane potential oscillations which underlie spontaneous spike activity. Subthreshold membrane potential oscillations provide a temporal preference for input detection. Stimulus-induced receptor potentials as well as neurotransmitter-induced postsynaptic potentials will reach action potential threshold earlier, if they superimpose at the depolarizing phase of endogenous subthreshold membrane potential oscillations, rather than at the hyperpolarizing phase. As soon as any two oscillators have similar periods (interspike intervals) any type of interaction will synchronize both oscillators causing a stable phase relationship and a common period. For example in the cockroach brain gap junctions maintain synchronized periods of neuronal oscillators at a stable phase difference (Schneider and Stengl, [@B125], [@B126], [@B127]). If these coupled oscillators are transiently inhibited at the same time via an inhibitory interneuron zero phase difference results. Thus, a transient neuronal ensemble is generated which contains synchronized neurons which all fire their action potentials at the same time or at integer multiples of the same time. This means, depending on the input (the odor applied) transient neuronal ensembles can be obtained which are recruited into variable functions from the same population of coupled neurons. Thus, an "across fiber pattern" of ORNs could mean that not a single neuron encodes a specific odor quality and quantity, but rather a specific neuron can encode sequentially different odor qualities/quantities depending on the ensemble it is recruited to (Johnson et al., [@B49]; Ito et al., [@B45]; Raman et al., [@B113]).

In the olfactory system of vertebrates Junek et al. ([@B50]) demonstrated that temporal encoding is prevalent over rate codes. They found that latency rank patterns of odor responses specifically encode odor quality and quantity, more reliably than action potential firing rates. They proved that the latency of the first action potential of an odor response is most instrumental for odor encoding already at the periphery. In addition, the importance of latency rank patterns suggested that the phase relationships of the first odor-dependent action potential elicited amongst different ORNs is important and needs to be tightly controlled, possibly via different mechanisms which couple ORNs. That also in the olfactory system of insects temporal encoding is important was shown mostly in recordings of the olfactory pathway in the brain (review: Laurent, [@B82]) and more recently also for ORNs (Ito et al., [@B45]; Raman et al., [@B113]). Also in ORNs of *M. sexta* and *B. mori* the latency of the first action potential elicited decreases with increasing odor concentration (Kaissling and Priesner, [@B57]). However, in moths it has not been thoroughly examined yet over which concentration range latencies encode odor concentration on the level of a single ORN or on the population level. But because insect ORNs, as well as vertebrate ORNs are spontaneously active and generate bursts of action potentials they very likely employ temporal encoding strategies (Gesteland, [@B38]; Kaissling, [@B53]; De Bruyne et al., [@B23]; Dolzer et al., [@B26]; Duchamp-Viret et al., [@B29]). The interspike intervals of spontaneous activity in ORNs of *M. sexta* are not randomly distributed and phases of action potentials are advanced via current injection (Dolzer et al., [@B26]; Nadasdy, [@B101]). This hints that the ORNs resting potential produces subthreshold membrane potential oscillations with different superimposed ultradian frequencies: one controls the frequency of bursts, one interspike intervals within bursts, and another interspike intervals between bursts. These ultradian membrane potential oscillations appear to be endogenous since regularly oscillating membrane potentials were recorded intracellularly in isolated ORNs from *M. sexta* *in vitro*, in addition to very regularly oscillating Ca^2+^ currents in the same frequency range which were observed in patch clamp recordings (Stengl, [@B135]). Comparably to cockroach circadian pacemaker cells (Schneider and Stengl, [@B125], [@B127]), next to ultradian oscillations ORNs also show daytime-dependent changes in the spontaneous activity with the highest frequency during the moth\'s activity phase (Flecke and Stengl, [@B33]). Since moth ORNs express circadian rhythms and circadian clock genes, as do fruitfly and cockroach ORNs, it is likely that also moth ORNs are endogenous circadian oscillators (Krishnan et al., [@B76], [@B77]; Tanoue et al., [@B146], [@B145]; Merlin et al., [@B92], [@B93]; Schuckel et al., [@B128]; Saifullah and Page, [@B119]). In moths it is not known whether *I*~h~ currents (Krannich, [@B69]) or other ion channels provide the pacemaking inward currents at hyperpolarizing potentials, underlying these different, superimposed, spontaneous oscillations of the resting potential.

Not only in *D. melanogaster* heteromeric OR/COR complexes mediate spontaneous activity because they form constitutively open non-specific cation channels even at negative resting potentials which leak depolarizing Ca^2+^ currents into ORNs (Sato et al., [@B122]; Wicher et al., [@B158]). Rising intracellular Ca^2+^ concentrations and increasing depolarization then might open voltage- and Ca^2+^-dependent cation and Cl^−^ channels found in ORNs (Zufall et al., [@B163]; Dolzer et al., [@B27]; Pézier et al., [@B108]). Possibly, these ion channel openings might underlie the elementary receptor potentials (bumps) observed in moth ORNs (Minor and Kaissling, [@B95]). The Ca^2+^-dependent de- or hyperpolarizing ion channels cause ultradian oscillations of the membrane potential. Since the OR--COR ion channel complexes appear to be gated via cAMP (Wicher et al., [@B158]) they could be modulated via adenylyl cyclase-activating hormones such as octopamine (Figure [2](#F2){ref-type="fig"}). Furthermore, in *D. melanogaster* the availability of OR complexes in dendrites is controlled via an endogenous circadian clock (Tanoue et al., [@B145]). Therefore, experimental evidence is provided that OR--COR complexes are a prerequisite to metabotropically modifiable subthreshold membrane potential oscillations with superimposed ultradian and circadian periods in fruitflies.

![**At night the stress hormone octopamine (OA) lowers odor detection threshold and accelerates response kinetics of olfactory receptor neurons (ORNs) possibly via second messenger-dependent modulation of subthreshold membrane potential oscillations (SMPOs)**. The SMPOs are suggested to be driven via the leaky olfactory receptor--coreceptor ion channel complex (OR--COR, 1) as pacemaker current. The OR--COR causes steady influx of Ca^2+^ and monovalent cations into the ORN. It drives the resting potential of the hyperpolarized ORN to more depolarized potentials and to higher intracellular Ca^2+^-concentrations. Depolarizations activate different types of repolarizing fast, transient (5, *I*~A~, ∼30 pS), and delayed rectifier K^+^-channels (6, ∼30 pS; Zufall et al., [@B163]). Elevations of intracellular Ca^2+^ activate large Ca^2+^-dependent K^+^ (4) and Cl^−^ channels (7) (Dolzer et al., [@B27]). resulting in SMPOs. If SMPOs reach spike threshold of −40 mV spontaneous action potentials are elicited. OA increases spontaneous activity via modulation of intracellular messengers (Flecke and Stengl, [@B33]). One OA-receptor (OAR) couples to a trimeric G~s~ protein which activates an apparently Ca^2+^-dependent adenylyl cyclase (AC). In addition, OA couples to at least one other so far undescribed G-protein (G~?~) which very likely couples to PLCβ and affects Ca^2+^ levels. This hypothetical branch of the cascade including PLCβ-dependent ion channels (Figure [3](#F3){ref-type="fig"}) is not shown. The OA-dependent rise in cAMP is assumed to increase the open probability of the leaky OR--COR (1). In addition, cAMP rises open a transient, protein kinase C (PKC)-dependently blocked L-type Ca^2+^ channel (2) and a less transient cyclic nucleotide gated cation channel (3) (Krannich and Stengl, [@B70]). All three of these channels permeate Ca^2+^ which then exerts negative feedback, possibly indirectly (interrupted lines) also to (1). Thus, OA-dependent rises in the intracellular cAMP- and Ca^2+^-concentration would increase amplitude and frequency of SMPOs. Since SMPOs determine temporal encoding properties of ORNs OA determines detection threshold and kinetics of odor responses. Question marks indicate less well documented parts of the cascade. The numbers indicate the same ion channels in all Figures.](fncel-04-00133-g002){#F2}

According to theories of temporal encoding (Nadasdy, [@B101]) it is likely that ultradian subthreshold membrane potential oscillations in insect ORNs are an obligatory prerequisite to the phase control of the first action potential elicited in odor responses and are used for temporal encoding of odor blend quality and quantity. In addition, regularly patterned odor stimuli as might be generated by the beating wings of the flying moth will entrain ultradian membrane potential oscillations of ORNs to resonate in synchrony, thus providing phase-coupling on the population level of ORNs. Stimulus-dependent synchronization significantly increases the temporal resolution of the insect olfactory system and its fidelity in fast odor blend assessment (Tripathy et al., [@B148]). In addition, synchronization of many sensory neurons would decrease odor detection threshold, because more antennal cells could be recruited into an ensemble by the same stimulus, providing synchronized summed input into postsynaptic antennal lobe neurons (Ito et al., [@B45]; Raman et al., [@B113]).

*In conclusion*: Hallmarks of temporal encoding are endogenous subthreshold membrane potential oscillations generating spontaneously active neurons as well as different means of synchronization to recruit neuronal ensembles into a specific function. Also insect ORNs are endogenous oscillators which express ultradian and circadian subthreshold membrane potential oscillations which result in a temporal preference for odor detection. I propose that the leaky, metabotropically modifiable OR--COR ion channel complex is instrumental for these important properties which could underlie temporal encoding of odors also in insects (Figure [2](#F2){ref-type="fig"}).

Olfactory Signal Transduction Cascades
======================================

In insects odor-dependent signal transduction cascades that transduce the odor stimulus into a graded receptor potential and action potential responses are still under lively debate. Based on genetic and physiological analysis of *D. melanogaster*, *B. mori*, and mosquito ORs expressed in vertebrate cell lines Sato et al. ([@B122]) claimed that the main mechanism of insect odor and pheromone transduction is a rapid ionotropic pathway employing the OR/COR complex as odor-gated ion channel without involvement of any G-protein-coupled metabotropic cascades which would amplify the signal. In contrast to this hypothesis several different metabotropic cascades were reported to affect odor and pheromone transduction in different insect species. Here, I will summarize experimental evidences in support of either hypothesis. Then, I will interpret the apparently conflicting results for each cascade and will put forward my own hypothesis of pheromone transduction in moths (Figures [2](#F2){ref-type="fig"}--[5](#F5){ref-type="fig"}).

Heterologous OR/COR complex-dependent signal transduction cascades
------------------------------------------------------------------

Studies suggested that *D. melanogaster* ORs signal independently of heterotrimeric G-proteins (Sato et al., [@B122]; Smart et al., [@B133]). Based on previous evidence it was proposed that a directly odor-gated fast ionotropic mechanism via OR/OR83b-formed ion channels is the main odor-dependent transduction pathway eliciting receptor potentials (Nakagawa et al., [@B102]; Sato et al., [@B122]). This was claimed not only for general odorants in the fruitfly but also for pheromone-transduction in moths. This hypothesis is based upon the observation that insect ORs are seven-transmembrane receptors which are inversely inserted into the dendritic membrane with the N-terminal reaching into the inside of the cell (Benton et al., [@B9]; Lundin et al., [@B89]). Thus, the known G-protein binding motif on the C-terminal is located at the extracellular site and cannot account for a metabotropic cascade. In addition, odor-dependent but GTP-/ATP-independent inward currents were recorded after expression of fruitfly, silkmoth, and mosquito ORs coexpressed with the respective OR83b (COR)/-homologs in HeLa and HEK293 cells (Sato et al., [@B122]; Wicher et al., [@B158]). However, unphysiologically strong and long pheromone stimuli of 10 μM bombykol for several seconds which do not occur in natural surroundings of the moths were necessary to elicit a fast, small ionotropic current via bombykol-receptor--COR complexes (Sato et al., [@B122]). In comparison, dependent on the expression of OR22a/OR83b, 100 nM ethyl butyrate pulses of 1 s duration elicited an ionotropic current which peaked at 1 s and terminated after 10 s. It was followed by a stronger metabotropic current component which developed after about 10 s, peaked at about 60 s, and terminated after about 80 s (Wicher et al., [@B158]). The less sensitive ionotropic current component appeared to be a current via the OR/OR83b-formed ion channels, gated via binding of odor to the OR-subunit. This ionotropic current did not depend on the presence of ATP or GTP, in contrast to the slower and more sensitive metabotropic current component. The metabotropic current appeared to be mediated via binding of cyclic nucleotides to the OR--COR-formed ion channel, which apparently increased its probability to open. Whether G-protein-dependent activation of an adenylyl cyclase was mediated via OR homodimers with C-termini intracellularly or via a new G-protein-binding domain at the intracellular N-terminus, or via another G~s~-coupled receptor remains to be examined more thoroughly. The time courses of both of these current components, the ionotropic as well as the cGMP/cAMP-dependent metabotropic currents do not match the time course of non-adapted phasic odor responses in intact ORNs or of odor sampling of moths, which both last less than 100 ms (Kaissling, [@B53]). Possibly, this temporal discrepancy results from the heterologous expression systems used. Alternatively, these currents serve other purposes, such as the modulation of spontaneous activity shown in fruitflies (review: Nakagawa and Vosshall, [@B103]). The function of the COR is not easy to resolve since specific blockers are missing which solely delete the ionotropic component of the current leaving its chaperon function intact. Because the COR functions as a chaperon which is required for insertion of ORs into dendritic membranes (Larsson et al., [@B78]) deletions of the COR will delete odor responses and will not necessarily provide evidence for the need of ionotropic odor transduction cascades.

*In conclusion*: Only two reports using unphysiologically high stimulus concentrations and vertebrate expression systems for fruitfly ORs are in support of a solely ionotropic signal transduction cascade, which, however, is much slower than odor transduction *in situ*. As an alternative hypothesis I suggest that cyclic nucleotide-dependent, leaky heteromeric OR/COR complexes are involved in a depolarizing influx of Ca^2+^ and other cations into ORNs to drive spontaneous subthreshold membrane potential oscillations and, thus, spontaneous activity daytime-dependently (Figure [2](#F2){ref-type="fig"}). Subthreshold membrane potential oscillations keep ORNs close to the action potential threshold and constitute a temporal filter. Thus, they control sensitivity as well as temporal response characteristics of ORNs. Future experiments will examine whether the modulation of the heteromeric OR/COR complexes via a cyclic nucleotide-binding domain on the COR is instrumental for the regulation of daytime-dependent temporal resolution of the ORNs via hormones, neuropeptides, and biogenic amines (Flecke and Stengl, [@B33]). Therefore, many more studies in different species are needed to resolve the function of the OR/COR complexes for insect olfactory transduction.

G-Protein Coupled Phospholipase Cβ-Dependent Odor Transduction Cascades
=======================================================================

Many studies obtained with various techniques from different laboratories support the role of colocalized heterotrimeric G-protein-coupled signal transduction cascades in insect ORNs. Most evidence is provided for a phospholipase Cβ (PLCβ)-dependent signal transduction cascade (Figure [3](#F3){ref-type="fig"}). Overwhelming evidence suggest that it underlies the sensitive phasic pheromone responses of the males late at night during their search for the female. In contrast, second-long, strong pheromone stimuli appear to decrease the sensitivity of the ORNs and involve protein kinase C (PKC)-dependent actions which appear to downregulate and terminate PLCβ-dependent signal transduction (Stengl, [@B136], [@B137]; Schleicher et al., [@B123]).

![**At night sensitive pheromone detection involves phospholipase Cβ (PLCβ) cascades in the hawkmoth *M. sexta***. During the moth\'s activity phase low, brief pheromone stimuli elicit phasic, sensitive odor responses. Pheromone--pheromone binding protein (P-PBP) binds to the pheromone receptor complex (OR--COR, 1) which activates a G~q~-protein. The G~q(α)~ subunit activates a Ca^2+^-dependent PLCβ which hydrolyses phospholipids (PIP~2~) to IP~3~ and DAG. The G~q(βγ)~ subunit opens a delayed rectifier-type K^+^ channel (8, ∼30 pS), which is blocked by high levels of cGMP (Stengl et al., [@B143]). Depending on channel density it hyperpolarizes the ORN and decreases its spontaneous activity. Steep IP~3~ rises open a transient Ca^2+^ channel (9, \<20 pS) in the outer dendrite. The resulting influx of Ca^2+^ triggers activation of nearby Ca^2+^-gated cation channels (10, ∼53 pS) before closing both channels (9, 10) via negative feedback causing desensitization (Stengl et al., [@B143]; Stengl, [@B136], [@B137]). The resulting high amplitude, rapidly rising Ca^2+^-oscillations (depending on feedforward activation of PLCβ via Ca^2+^) and the depolarizations activate additional voltage- or Ca^2+^-gated channels: Ca^2+^-dependent K^+^-channels (4, ∼66 pS) and Cl^−^ channels (7), voltage-dependent fast, transient *I*~A~-type (5, ∼30 pS), and delayed rectifier K^+^-channels (6, ∼30 pS), as well as Ca^2+^-channels (12) (Zufall et al., [@B163]). Resulting hyperpolarizations together with Ca^2+^-dependent negative feedback, directly or indirectly via protein kinase C (PKC) terminate this pheromone-transduction cascade. Stronger, second-long Ca^2+^ rises via adapting pheromone stimuli activate PKC. The PKC-dependent down-regulation of PLCβ (Schleicher et al., [@B123]), closure of voltage-sensitive Ca^2+^ channels (12), and the gating of different cation channels which are not Ca^2+^ permeable (11, ∼40 pS, ∼60 pS not shown) causes slower, decreased depolarizations and decreased intracellular Ca^2+^ levels resembling conditions of short-term adaptation (Stengl, [@B136]; Dolzer et al., [@B25], [@B27]). Because dropping intracellular Ca^2+^ levels will not activate the large, fast Ca^2+^-dependent K^+^ or Cl^−^ channels, repolarizations will be slowed down, decreasing pheromone response kinetics. The PKC-dependently activated ion channels are closed via rises of cGMP-levels as occur under conditions of long-term adaptation (Figure [3](#F3){ref-type="fig"}). The numbers indicate the same ion channels in all Figures.](fncel-04-00133-g003){#F3}

In different insects cloning experiments, *in situ* hybridizations, and also immunocytochemical studies provided evidence for the presence of G~s~ (which activates adenylyl cyclase), G~i~ (which inhibits adenylyl cyclase), G~q~ (which activates phospholipase Cβ), and G~o~ (which targets are not well characterized) in antennae (Raming et al., [@B114]; Boekhoff et al., [@B12]; Talluri et al., [@B144]; Laue et al., [@B79]; Schmidt et al., [@B124]; Kalidas and Smith, [@B59]; Miura et al., [@B96]; Rützeler and Zwiebel, [@B118]; Kain et al., [@B52]; Chatterjee et al., [@B17]; Boto et al., [@B13]). Four G-proteins: G~s~, G~i~, G~q/11~, G~β13F~ were colocalized in dendrites of ORNs of *D. melanogaster* (Boto et al., [@B13]). In addition, G~o~ is present in fruitfly ORNs, increasing their sensitivity to all odors tested (Chatterjee et al., [@B17]). Also in the silkmoth *B. mori* application of G-protein activating fluoride increased activity in single pheromone-sensitive sensilla (Laue et al., [@B79]). Because G~q~ was located via molecular cloning studies and in immunocytochemical experiments in dendrites of *B. mori*, *Antheraea pernyi*, and *Mamestra brassicae*, fluoride appeared to activate PLCβ (Jacquin-Joly et al., [@B47]).

Also other studies support a pheromone-transduction cascade via PLCβ which hydrolyzes phospholipids generating inositol trisphosphate (IP~3~) and diacylglycerol (DAG). The enzyme PLCβ was cloned and *in situ* hybridizations showed that PLCβ is transcribed in adult pheromone-sensitive ORNs of the moth *Spodoptera littoralis* (Chouquet et al., [@B20]). In addition, immunocytochemical studies located a PLCβ-subtype in homogenates of isolated pheromone-sensitives sensilla of *A. polyphemus* (Maida et al., [@B90]). This PLCβ appears to mediate insect odor transduction, because odor-dose-dependently physiological concentrations and time courses of pheromones as well as general odors caused rapid, transient rises of IP~3~ in antennal homogenates within several milliseconds. The IP~3~ rises occur in the dendritic fraction of antennal tissue in the same millisecond time window as phasic odor-dependent action potential responses to brief, millisecond-long physiological stimuli (Breer et al., [@B14]; Boekhoff et al., [@B11]; Kaissling and Boekhoff, [@B55]). Consistently, IP~3~-receptors were located in the dendritic membrane of moth ORNs (Laue and Steinbrecht, [@B80]). In addition, perfusion of cultured ORNs from *M. sexta* with IP~3~ opened a specific sequence of at least three inward currents which resembled pheromone-dependent currents (Figure [3](#F3){ref-type="fig"}; Stengl et al., [@B143]; Stengl, [@B136], [@B137]). Pheromone opened a very transient IP~3~-dependent Ca^2+^ current (\#9, Figure [3](#F3){ref-type="fig"}) which is blocked via intracellular Ca^2+^ rises within less than 50 ms. The rise in Ca^2+^ rapidly opens a Ca^2+^-activated cation channel (\#10) which is blocked within seconds via further intracellular Ca^2+^ rises. In addition, the increase in Ca^2+^ opens fast, large Ca^2+^-dependent K^+^ channels (\#4) and a Cl^−^ channel (\#7) possibly involved in re-/hyperpolarization of the receptor potential (Dolzer et al., [@B27]; Pézier et al., [@B107], [@B108]). When the receptor potential reaches spike threshold Na^+^ influx occurs at the spike initiation zone of the axon. Then, voltage-sensitive K^+^ channels (\#5, 6) and possibly also second messenger-dependent K^+^- (\#4, 8) and Cl^−^-channels (\#7) repolarize and guarantee phasic pheromone responses (Zufall et al., [@B163]). In cell-attached patch clamp recordings of ORNs from *M. sexta* as the first pheromone-response an increase in the open probability of the ATP/cGMP-blocked K^+^ channel (\#4, Figure [3](#F3){ref-type="fig"}) was observed (Stengl et al., [@B143]). Thus, this channel might be opened via G~βγ~ subunits and might be present in the outer dendrite, in contrast to the voltage-dependent K^+^ channels which rather might be located in the soma and axon compartments (Stengl et al., [@B143]). It remains to be examined whether this channel (\#8) is employed in pheromone-dependent hyperpolarizations as observed in intracellular recordings of ORNs *in vitro* (Stengl, [@B135]). In contrast, IP~3~ was ineffective in excised inside-out patches of dendritic membranes from silkmoth ORNs, very likely because IP~3~-dependent ion channels were blocked Ca^2+^-dependently via sustained, adapting incubation with pheromone (Zufall and Hatt, [@B162]).

Next to IP~3~, DAG is also a potential second messenger of odor transduction in moths. It appears to serve different functions, either as activator of PKC (Figure [3](#F3){ref-type="fig"}) or as activator of transient receptor potential (TRP)-type ion channels (not shown). Immunocytochemical experiments provided evidence for the colocalization of phospholipase Cβ together with a PKC in trichoid sensilla of *A. polyphemus* (Maida et al., [@B90]). The PKC appears to be employed in transduction of long, adapting pheromone stimuli because in homogenates of antennal sensilla of *A. polyphemus* second- to minute-long incubation with pheromone increased PKC but not PKA activity (Maida et al., [@B90]). Also, constant, second- to minute-long presence of low pheromone concentrations in extruded dendrites of trichoid sensilla from *A. polyphemus* cation channels were activated which resembled DAG-, PKC- and cGMP-dependently activated channels (Zufall and Hatt, [@B162]). In addition, DAG application *in situ* and *in vitro* in tip recordings and patch clamp recordings depolarized ORNs or activated depolarizing inward currents in *B. mori*, *A. polyphemus*, and *M. sexta* (Maida et al., [@B90]; Pophof and van der Goes van Naters, [@B112]; Krannich, [@B69]). Since in biochemical assays PKC activation decreased PLCβ-activity and rendered it less transient PKC may play a role for gain control and down-regulation of pheromone responses under conditions of overstimulation, possibly resembling conditions of short-term adaptation (Schleicher et al., [@B123]). In accordance with this notion PKC activity appears to underlie pheromone-dependent currents activated via second- to minute-long adapting pheromone application in patch clamp recordings *in vitro* (Stengl, [@B137]; Dolzer et al., [@B27]). Thus, activation of PKC appears to guarantee signal termination and adjustment of responsiveness of ORNs under conditions of strong, long-lasting Ca^2+^ rises which close IP~3~- and Ca^2+^-activated channels. Because PKC closes voltage-sensitive Ca^2+^ channels and opens cation channels which are not Ca^2+^-permeable PKC activity decreases intracellular Ca^2+^-concentrations (Dolzer et al., [@B27]). Thus, the PKC-dependent cascade favors conditions of low intracellular Ca^2+^ and will not trigger opening of large Ca^2+^-dependent K^+^or Cl^−^ channels. Therefore, ORNs will repolarize more slowly and will show less phasic, reduced action potential frequencies, as observed during conditions of short-term adaptation.

In contrast, other work suggests that DAG can also activate a PKC-independent pathway. A PKC-independent DAG-gated cation current was described in patch clamp recordings from cultured ORNs of *S. littoralis* and *M. sexta* (Lucas and Pézier, [@B88]; Krannich, [@B69]). In accordance, a diacylglycerol kinase (which converts DAG to phosphatidic acid and recycles phosphatidylinositols) was located in olfactory sensilla trichodea of *S. litt ralis* (Chouquet et al., [@B18]). Because IP~3~- and DAG-gated ion channels most likely belong to the TRP-superfamily of ion channels (review: Dong et al., [@B28]) the localization of TRP channels in moth antennae further substantiates the importance of the PLCβ-dependent signal transduction pathway in moth olfaction (Ackermann, [@B1]; Chouquet et al., [@B19]). A PLCβ-dependent cascade might be employed not only in pheromone-transduction but also in general odor transduction. This is supported by an IP~3~-dependent conductance, measured in locusts, which resembled a general odor-dependent conductance (Wegener et al., [@B157]). This assumption is further supported by patch clamp experiments of *M. sexta* ORNs *in vitro*. While 36% of all *M. sexta* ORNs in culture responded to pheromone, more than 90% of the cultured ORNs responded to GTPγS (activator of G-protein-dependent cascades), more than 90% responded to IP~3~, and about 64% responded to DAG with inward currents (Stengl, [@B136], [@B137]; Krannich, [@B69]). These findings indicate that in *M. sexta* both, ORNs which respond to pheromone as well as ORNs which respond to general odors use G-protein-coupled metabotropic signal transduction cascades via activation of a PLCβ (Stengl et al., [@B141]). Because the number of food odor-sensitive ORNs correlated with the number of DAG-responsive cells *in vitro* it needs to be examined whether food odor-dependent ORNs in *M. sexta* employ DAG-gated TRP-channels, instead of IP~3~-gated channels. Whether pheromone transduction in the hawkmoth employs both dendritic IP~3~- and DAG-gated ion channels remains to be examined.

*In conclusion*: There is convincing evidence, provided by many groups based upon different techniques, for sensitive, phasic PLCβ-dependent signal transduction cascades in pheromone- and also in general odor transduction in moths (Figure [3](#F3){ref-type="fig"}). Apparently, IP~3~-, DAG-, and Ca^2+^-gated TRP-like ion channels underlie fast, phasic responses to millisecond-long, weak odor stimuli. Desensitization (=the decline of the response during ongoing stimulation) via Ca^2+^-dependent negative feedback allows for phasic action potential responses. Stronger or longer odor stimuli cause short-term adaptation via longer-lasting Ca^2+^ rises which activate PKC. Activation of PKC reduced Ca^2+^ influx and slowed down odor responses shifting from phasic to more tonic response patterns. Furthermore, elevation of cGMP levels inactivated PLCβ-dependent signal transduction cascades (Stengl et al., [@B142]). Thus, depending on stimulus length and strength different second messengers determine threshold and kinetics of the odor response.

cGMP-Dependent Odor Transduction Cascades in Moth ORNs
======================================================

Different studies suggested that cGMP-dependent signal transduction cascades in moth olfaction are employed for long-term adaptation of the olfactory system during minute-long or very strong odor exposure (Figure [4](#F4){ref-type="fig"}). Several different types of GCs were cloned and characterized from hawkmoth antennae and *in situ* hybridization located some of them to ORNs (Simpson et al., [@B131]; Nighorn et al., [@B104]; Stengl et al., [@B142]; Morton and Nighorn, [@B99]; Morton, [@B98]). In homogenates of different insect antennae only very strong, long pheromone stimuli caused delayed, slow rises of cGMP (Ziegelberger et al., [@B161]; Boekhoff et al., [@B11]). Immunocytochemistry revealed that pheromone-dependent cGMP-rises occurred in neuronal and non-neuronal cells of pheromone-sensitive trichoid sensilla (Stengl et al., [@B142]). The cGMP rises in ORNs strongly depended on the duration and strength of the pheromone stimulus, as well as on the presence of nitric oxide (NO). Because *in situ* hybridizations showed that NO-dependent soluble GCs are not expressed in pheromone-sensitive ORNs it is likely that NO opened Ca^2+^ permeable CNG channels instead (Figure [4](#F4){ref-type="fig"}, \#13; Broillet and Firestein, [@B16]; Stengl et al., [@B142]). The elevated cGMP-levels close fast K^+^ channels (Figure [4](#F4){ref-type="fig"}, \#8), large, fast Ca^2+^-activated K^+^ channels (\#4), as well as PKC-dependent ion channels (Figure [4](#F4){ref-type="fig"}, \#11), while opening slower K^+^ channels (\#15) and less transient Ca^2+^-permeable cation channels (\#13, 14) in moth ORNs (Zufall and Hatt, [@B162]; Zufall et al., [@B163]; Stengl, [@B137]; Dolzer, [@B24]; Dolzer et al., [@B27]; Krannich and Stengl, [@B70]). Because cGMP-infusion into trichoid sensilla decreased the pheromone-dependent action potential frequency daytime-dependently and rendered pheromone responses less phasic, cGMP rises adapt and slow down ORNs (Flecke et al., [@B31]). Interestingly, there is considerable cross-talk between PLCβ -- and GC-dependent signal transduction cascades because cGMP affected Ca^2+^-activated and PKC-activated ion channels (Zufall et al., [@B163],[@B164]; Dolzer et al., [@B27]). Based on our data obtained from tip recordings (Dolzer et al., [@B25]; Flecke et al., [@B31]) and biochemical assays I propose that in insects endogenous cGMP elevations during the inactivity phase are at least partially responsible for increased odor-thresholds and decreased ability to resolve odor pulses (Figure [5](#F5){ref-type="fig"}). In addition, it needs to be examined whether resting moths can be disadapted via octopamine-mediated stressors. Possibly, fast, large Ca^2+^ transients due to stress hormone release during the inactivity phase inhibit receptor-GCs and activate phosphodiesterases to decrease cGMP levels. Finally, it remains to be examined whether receptor-GCs in moth ORNs are activated SNMP-dependently via PBP-dimers loaded with pheromone.

![**Elevations in cGMP underlie long-term adaptation**. Strong or minute-long pheromone stimuli result in more tonic, less sensitive cGMP-dependent pheromone responses in hawkmoth ORNs. The adapting pheromone doses cause long-lasting rises in intracellular cGMP- and Ca^2+^-concentrations which inactivate PLCβ-dependent signal transduction cascade (Figure [3](#F3){ref-type="fig"}). Possibly SNMP-mediated pheromone-PBP-dependent activation of a receptor-type guanylyl cyclase (GC) elevates cGMP levels in ORNs NO-dependently (Stengl et al., [@B142]). Elevations in cGMP and possibly also NO (dashed line) activate non-specific cation channels (13, 14, ∼55 pS) which differ in their Ca^2+^-permeability and Ca^2+^-dependent inactivation (Krannich and Stengl, [@B70]). The Ca^2+^-dependent K^+^-channels (4, ∼66 pS), as well as the cGMP/ATP-dependent K^+^ channels (8,∼ 30 pS) are blocked via cGMP rises (Dolzer, [@B24]). In contrast, a slow K^+^ channel (15) is opened via cGMP (Dolzer, [@B24]) and other voltage-dependent delayed rectifier K^+^ channels (5, 6) are opened depolarization-dependently. In addition, the cGMP rises close a 40 pS cation channel (11) previously activated by PKC (Dolzer et al., [@B27]). It remains to be examined whether cGMP-dependent activation of Ca^2+^-dependent Cl^−^ channels or just sustained rises in Ca^2+^ underlie the faster repolarization of adapted cells. All together, cGMP rises elevate baseline levels of intracellular Ca^2+^ and shift the resting potential to more depolarized values. The numbers indicate the same ion channels in all Figures.](fncel-04-00133-g004){#F4}

![**Hypothesis of endogenous circadian rhythms in baseline levels of intracellular Ca^2+^- and cyclic nucleotide-levels at different Zeitgeber times controlling spontaneous activity in the absence of odor stimulation**. During the activity phase at night baseline levels of intracellular Ca^2+^ are low, of cGMP are low, and of cAMP are high. At the rest phase during the day elevated baseline levels in intracellular Ca^2+^-concentration are maintained, as well as high cGMP-, and low cAMP-concentrations. The endogenous rhythms are not gated by light, but anticipate light--dark rhythms. While our preliminary experiments support cyclic nucleotide-rhythms, it remains to be examined whether rhythms in intracellular baseline Ca^2+^ concentration phase-lead or phase-lag the other rhythms.](fncel-04-00133-g005){#F5}

*In conclusion*: Very strong, long pheromone stimuli are possibly encountered in close contact with the female moth causing conditions of long-term olfactory adaptation in the male. These adapting stimuli can be detected via cGMP-dependent signal transduction cascades. The cGMP-dependent odor transduction cascades (Figure [4](#F4){ref-type="fig"}) appear to exclude PLCβ-dependent cascades and result in less sensitive, less phasic pheromone responses as compared to IP~3~-, DAG-, Ca^2+^-, or PKC-dependent responses (Stengl et al., [@B143]; Dolzer, [@B24]; Dolzer et al., [@B27]). Circadian rhythms of cGMP baseline levels could regulate activity-rest cycles of moths (Figure [5](#F5){ref-type="fig"}).

Octopamine and cAMP-Dependent Transduction Cascades in Moth ORNs
================================================================

While in vertebrates a cAMP-dependent odor transduction cascade is predominant in the main olfactory epithelium, in moths there is less evidence for cAMP-dependent signal transduction cascades (review; Fleischer et al., [@B34]; Kaupp, [@B60]). However, in moth antennae octopamine receptors were cloned which appear to couple to adenylyl cyclases (Von Nickisch-Rosenegk et al., [@B156]; Dacks et al., [@B21]; Huang et al., [@B43]). Biochemical experiments showed that hemolymph concentration of the stress hormone octopamine express endogenous circadian rhythms with its maximal concentration during the activity phase of the moths late at night (Lehman, [@B85]). In addition, octopaminergic neurons project into the antenna and appear to contact ORNs. In different moth species octopamine improves pheromone source location daytime-dependently in behavioral studies (Linn Jr. and Roelofs, [@B87]). Octopamine disadapts ORNs and renders pheromone responses more phasic, apparently via a cAMP-dependent transduction cascade and an additional possibly Ca^2+^-dependent cascade in tip recordings of intact trichoid sensilla (Pophof, [@B109], [@B110]; Flecke and Stengl, [@B33]; Flecke et al., [@B32]). In addition, octopamine increased the spontaneous activity of the pheromone-sensitive ORNs. This increase was only partly mimicked by cAMP-rises (Figure [2](#F2){ref-type="fig"}; Flecke and Stengl, [@B33]; Flecke et al., [@B32]). Possibly, cAMP increased the open probability of the leaky OR/COR ion channel complex as reported in the fruitfly (Wicher et al., [@B158]). The leaky OR/COR (Figure [2](#F2){ref-type="fig"}, \#1) would cause a steady influx of Ca^2+^ into ORNs pulling the membrane potential to more depolarized potentials while increasing baseline Ca^2+^concentrations. In addition cAMP would cause superimposed transient Ca^2+^-rises via opening of a very transient, PKC-inhibited L-type Ca^2+^-channel (\#2) and a less transient CNG-channel (\#3) both of which would transiently depolarize ORNs (Krannich and Stengl, [@B70]). The rapid, transient Ca^2+^ rises as well as the resulting depolarizations would initiate repolarizations via activation of voltage-dependent K^+^ channels (\#5, 6), and fast, large Ca^2+^ dependent K^+^- (\#4) and Cl^−^ channels (Figure [2](#F2){ref-type="fig"}, \#7). Thus, OA would increase subthreshold membrane potential oscillations in amplitude and frequency, which might underlie the observed OA-dependent increase in spontaneous activity (Flecke and Stengl, [@B33]). It remains to be examined whether the OA-dependent decrease in odor threshold and the increased odor-response kinetics are due to second messenger-dependent modulation of subthreshold membrane potential oscillations.

*In conclusion*: So far, no odor-dependent cAMP-rises were described in moths. But the stress hormone octopamine couples via G~s~ to adenylyl cyclase in moth antennae. Thus, endogenous, circadian rhythms in octopamine concentration possibly generate circadian rhythms of cAMP baseline levels in ORNs. Possibly together with activation of a G~q~-protein dependent pathway (not shown in Figure [2](#F2){ref-type="fig"}) octopamine allows for more phasic, more sensitive pheromone responses during the night (Figure [2](#F2){ref-type="fig"}) (Flecke and Stengl, [@B33]; Flecke et al., [@B32]). In addition, octopamine can also acutely elevate cAMP-concentrations in antennae in response to stressors at all daytimes via centrifugal octopaminergic neurons. Stress-dependent activation of these octopaminergic cells during the day disadapts ORNs and allows for pheromone responses of awakened moths. Whether OA-dependent cAMP rises in synergism with specific Ca^2+^ levels increase the spontaneous activity of ORNs and, thus, improve their ability to follow high frequency odor pulses, remains to be examined.

Are there Signalosomes in Insect Olfaction?
===========================================

The dispute over rapid ionotrophic versus signal enhancing metabotropic signal transduction cascades can be boiled down to the question whether there is a need for speed or a need for sensitivity maximization in pheromone transduction. While ionotropic signal transduction cascades work in the microsecond time range and are employed, e.g., in the auditory system, metabotropic cascades are employed to allow for signal amplification and response range enlargement such as in the visual system. In the fruitfly visual system where scaffolding proteins aggregate the members of the metabotropic signal transduction cascade to form fast-acting signalosomes reaction times as fast as 20 ms are reached (Hardie and Raghu, [@B42]). Thus, the response time of signalosome-employing metabotropic signal transduction cascades would be in the time range maximally employed by the insect olfactory system. In addition, sensitivity maximization allowing for the detection of single pheromone molecules as calculated by Kaissling ([@B53]) cannot be reached with an ionotropic cascade but requires signal amplification via metabotropic cascades. So far, it is not known yet, whether insect olfactory signal transduction cascades are spatially aggregated via scaffolding molecules to form fast-acting signalosomes (Hardie and Raghu, [@B42]). However, scanning electron microscopy and atomic force microscopy could resolve large complexes of molecules in the outer dendritic membrane of moth ORNs of the moths *A. polyphemus* and *A. pernyi* (Klein and Keil, [@B66]; Eschrich et al., [@B30]). Next to different pores of 14--18 nm diameter with a density of about 20/μm^2^ also dots and membrane patches could be resolved. It remains to be examined whether these dots and patches are signalosomes, which could speed up metabotropic signal transduction machinery. The presence of signalosomes is supported by patch clamp analysis of ORNs which suggests close local neighborhood of different pheromone-dependent ion channels and enzymes which remained together after patch excision (Stengl, [@B136], [@B137]). In addition, scaffolding molecules were cloned from antennae of the hawkmoth. But still, the presence of signalosomes in insect olfaction remains to be examined.

*To summarize*: Moth pheromone transduction requires reaction times in the range of 30 ms, large, adaptable dynamic range, and extreme sensitivity maximization. Thus, signalosome-dependent metabotropic signal transduction cascades would fit these requirements best.

Conclusions
===========

Accumulating evidence suggests that there is not only one predominant odor transduction cascade in insect olfactory sensory neurons. Rather, there are different colocalized, equally important signal transduction cascades which allow for sliding adjustment of odor response threshold and kinetics, in response to endogenous physiological rhythms, to different behavioral states, and to various different odor stimulus properties (Figures [2](#F2){ref-type="fig"}--[5](#F5){ref-type="fig"}). Preliminary evidence suggests that endogenous circadian rhythms of cyclic nucleotides occur in insect ORNs, synchronized with the activity-rest cycle of the insect with maximal cAMP concentrations during the activity phase and maximal cGMP concentrations during the rest phase (Figure [5](#F5){ref-type="fig"}). Elevated cGMP levels increase baseline levels of intracellular Ca^2+^. Thus, a circadian rhythm in the baseline of intracellular Ca^2+^ concentrations, with the maximum at rest, during the day would accompany cyclic nucleotide rhythms. Whether additional mechanisms control rhythms in intracellular Ca^2+^ levels and whether circadian rhythms in intracellular baseline Ca^2+^ concentrations phase-lead or phase-lag cyclic nucleotide rhythms remains to be examined. Hormones and possibly also neuropeptides which represent a specific physiological, metabolic state such as hunger or sexual drive might couple to G~i~ or G~s~, and possibly also to receptor GCs, thereby changing baseline levels of the respective second messengers. Superimposed on these slow rhythms of the baseline levels of cyclic nucleotide- and Ca^2+^ concentrations high frequency, large amplitude oscillations of the respective second messengers occur during odor "sniffing" with each stroke of the wings in flight. These ultradian oscillations depend on strength and time course of odor stimuli. The resulting relative concentration ratios of intracellular messengers and activated enzymes then open or close different ion channels and, thus, define the response threshold and temporal resolution of ORNs. Therefore, for each internal physiological state and each external stimulus condition there is a specific ratio of these second messengers and activated enzymes, and a corresponding complementary set of depolarizing and hyperpolarizing ion channels which support odor responses. This model differs greatly from current models of insect odor transduction (Gu et al., [@B41]; Nakagawa and Vosshall, [@B103]) and needs to be challenged in computational simulations to allow for quantitative predictions.

But what is the role of the "ionotropic" pathway via OR/COR-dependent ion channels in moth ORNs? I suggest that the main function of this metabotropically mediated OR/COR-ion channel complex is the control of subthreshold membrane potential oscillations and thus of the spontaneous activity of ORNs to allow for temporal encoding of odor blends. However, more comparative work in different insect species needs to be accomplished to resolve its functions and to challenge my hypothesis.
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